Cigarette smoke creates a molecular field of injury in epithelial cells that line the respiratory tract. We hypothesized that transcriptome sequencing (RNA-Seq) will enhance our understanding of the field of molecular injury in response to tobacco smoke exposure and lung cancer pathogenesis by identifying gene expression differences not interrogated or accurately measured by microarrays. We sequenced the highmolecular-weight fraction of total RNA (>200 nt) from pooled bronchial airway epithelial cell brushings (n ¼ 3 patients per pool) obtained during bronchoscopy from healthy never smoker (NS) and current smoker (S) volunteers and smokers with (C) and without (NC) lung cancer undergoing lung nodule resection surgery. RNA-Seq libraries were prepared using 2 distinct approaches, one capable of capturing non-polyadenylated RNA (the prototype NuGEN Ovation RNA-Seq protocol) and the other designed to measure only polyadenylated RNA (the standard Illumina mRNA-Seq protocol) followed by sequencing generating approximately 29 million 36 nt reads per pool and approximately 22 million 75 nt paired-end reads per pool, respectively. The NuGEN protocol captured additional transcripts not detected by the Illumina protocol at the expense of reduced coverage of polyadenylated transcripts, while longer read lengths and a paired-end sequencing strategy significantly improved the number of reads that could be aligned to the genome. The aligned reads derived from the two complementary protocols were used to define the compendium of genes expressed in the airway epithelium (n ¼ 20,573 genes). Pathways related to the metabolism of xenobiotics by cytochrome P450, retinol metabolism, and oxidoreductase activity were enriched among genes differentially expressed in smokers, whereas chemokine signaling pathways, cytokine-cytokine receptor interactions, and cell adhesion molecules were enriched among genes differentially expressed in smokers with lung cancer. There was a significant correlation between the RNA-Seq gene expression data and Affymetrix microarray data generated from the same samples (P < 0.001); however, the RNA-Seq data detected additional smoking-and cancer-related transcripts whose expression was were either not interrogated by or was not found to be significantly altered when using microarrays, including smokingrelated changes in the inflammatory genes S100A8 and S100A9 and cancer-related changes in MUC5AC and secretoglobin (SCGB3A1). Quantitative real-time PCR confirmed differential expression of select genes and non-coding RNAs within individual samples. These results demonstrate that transcriptome sequencing has the potential to provide new insights into the biology of the airway field of injury associated with smoking and lung cancer. The measurement of both coding and non-coding transcripts by RNA-Seq has the potential to help elucidate mechanisms of response to tobacco smoke and to identify additional biomarkers of lung cancer risk and novel targets for chemoprevention. Cancer Prev Res; 4(6); 803-17. Ó2011 AACR.
Introduction
Cigarette smoking is a causative factor for chronic obstructive pulmonary disease (COPD) and lung cancer, with 10% to 20% of smokers developing these diseases (1) . Cigarette smoke creates a field of injury in the epithelial cells of the respiratory tract (2) (3) (4) (5) (6) (7) (8) . Our group and others have shown smoking-related gene and miRNA expression alterations in the cytologically normal large and small airway epithelium by using microarray technology (2, (9) (10) (11) (12) (13) (14) . These expression alterations have been categorized by their degree of reversibility upon smoking cessation, providing insights into genomic changes that may account for persistent lung cancer risk (12, 14) . Similar gene expression alterations have been found in the epithelia of the nose and mouth of smokers (15) (16) (17) . We have shown that lung cancer also significantly alters the airway transcriptome and have developed a gene expression-based biomarker for the detection of lung cancer by using cells collected from the mainstem bronchus during bronchoscopy that are cytologically normal and distant from the primary tumor (11, 18, 19) .
For the past decade, microarrays have been the most comprehensive approach to measure gene expression and have led to significant advances in our knowledge of the airway field of injury (20) . Microarrays, however, have several limitations, including probe hybridization kinetics, probe selection (genomic loci and features interrogated), background hybridization that may limit ability to accurately estimate low-level transcripts, and cross-platform comparability. Transcriptome sequencing has been shown to be comparable to microarrays (21, 22) and has potential advantages, such as a larger dynamic range, the ability to detect all expressed transcripts as a function of depth of read coverage, and the ability to detect transcript structure. Transcriptome sequencing, for example, has been used to identify long noncoding RNAs (lincRNA; 23) that have important transcriptional and posttranslational gene regulatory roles (24) .
In this study, we have used whole transcriptome sequencing (RNA-Seq) to characterize the airway transcriptome and gene expression alterations associated with cigarette smoke exposure and lung cancer. To our knowledge, this is the first study to apply this emerging technology to profile RNA in airway epithelial cells. We compared and contrasted 2 approaches for RNA-Seq of these airway samples and compared RNA-Seq data to microarray data generated from these same samples. Our data suggest that transcriptome sequencing of both polyadenylated and nonpolyadenylated RNA from airway epithelium provides novel biological insights into the airway field of injury induced by tobacco smoke and additional candidate biomarkers for lung cancer detection.
Methods

Patient population
We recruited healthy never (NS; n ¼ 3) and current (S; n ¼ 3) smokers without cancer to undergo flexible bronchoscopy as volunteers at Boston University Medical Center. We also recruited current and former smokers with cancer (C; n ¼ 8) and without cancer (NC; n ¼ 5) undergoing flexible bronchoscopy in the operating room for lung nodule resection at Boston University Medical Center. Patients were classified as having lung cancer or an alternative benign disease of the chest (e.g. organizing pneumonitis, sarcoidosis, or chronic inflammation due to foreign body material) on the basis of pathologic results from the lung biopsy.
Airway epithelial cell collection
In both the healthy volunteer cohort and the clinical cohort undergoing bronchoscopy pre-nodule resection, we obtained bronchial airway epithelial cells from the uninvolved right mainstem bronchus with an endoscopic cytobrush (Cellebrity Endoscopic Cytobrush; Boston Scientific). If a suspicious lesion (endobronchial or submucosal) was seen in the right mainstem bronchus, brushings were obtained from the uninvolved left mainstem bronchus. The brushes were immediately stored in TRIzol reagent (Invitrogen) at À80 C. RNA was extracted from the brushes as previously described (11) .
RNA-Seq library preparation and sequencing
High-molecular-weight (>200 nt) RNA (300 ng) was pooled from 3 individuals within each phenotype: never smokers (NS), healthy current smokers (S), smokers with lung cancer (C), and smokers with benign diseases of the chest (NC), for a total of 4 samples. For each phenotype, 2 pools of 900 ng of RNA were created and libraries were prepared using 2 distinct approaches. The rationale for pooling the RNA from individual samples was to obtain sufficient quantities of RNA for library preparation using samples (with the exception of one) that had previously been processed and hybridized to microarrays.
First, a prototype NuGEN Ovation RNA-Seq protocol was carried out on 10 ng from each pool. In brief, total RNA is reverse transcribed using oligo-d(T) and random primers to generate cDNA, followed by fragmentation and SPIA (NuGEN) linear amplification. Amplified cDNA then underwent end repair and adapter ligation, as described in the Illumina mRNA-Seq sample preparation protocol. The ligation products were run on a 2% TAE (Tris-acetate EDTA) gel to isolate 200 nt fragments. DNA from the gel bands was purified using the QIAquick Gel Extraction Kit. The purified, size-selected cDNA was then PCR amplified (12 cycles) by using an input amount of 5 mL. The purified PCR products were then quantified using an Agilent bioanalyzer (DNA-1000 kit). Each sample was sequenced using Illumina GAII sequencer on 3 lanes of the flow cell generating 36 nt single-end (SE) reads.
For the second library preparation, the standard Illumina mRNA-Seq protocol was carried out on 900 ng from each RNA pool. In brief, mRNA was purified using Sera-Mag Magnetic Oligo(dT) beads and fragmented, followed by cDNA synthesis with random hexamers. This product then underwent end repair, adapter ligation, and gel purification (2% TAE) to isolate 300 nt fragments. DNA from the gel bands was purified using the QIAquick Gel Extraction Kit, PCR amplified (15 cycles), and libraries were quantified using an Agilent bioanalyzer (DNA-1000 kit). Each library was sequenced using Illumina GAIIX sequencer on 1 lane of the flow cell, generating 75 nt paired-end (PE) reads.
Microarray data analysis
For each microarray data set, CEL files were analyzed using Robust Multichip Average (RMA; ref. 25 ) and the Ensembl v58 CDF file (26) using R statistical software (27) . Differential expression analyses were conducted using the R package limma (28) to generate empirical Bayes moderated t-statistics and P values for each Ensembl Gene ID interrogated on the microarray.
Total RNA from the 3 NS and 3 S patients used in this study was processed and hybridized to Affymetrix Exon 1.0 ST microarrays as described in the work of Schembri and colleagues (13) . These microarray profiles were previously deposited in the Gene Expression Omnibus (GEO) series GSE14633 (NS samples were GSM365356, GSM365360, and GSM365366 and S samples were GSM365345, GSM365353, and GSM365355). The entire set of microarray profiles in GSE14633 was used when deriving RMA expression values, but differential expression analysis was done across only the 3 NS and 3 S samples from the same individuals profiled by RNA-Seq. Bronchial airway epithelium obtained from smokers with (n ¼ 8) and without (n ¼ 5) cancer was processed, RNA was hybridized to Affymetrix HGU133A 2.0 microarrays as described in the work of Spira and colleagues (11) , the CEL files were analyzed as described earlier, and differential expression analysis was done between 8 NC and 5 C samples. The microarray data for the surgical cohorts have been deposited in GEO Series GSE28835, part of superSeries GSE29007. The 3 samples without cancer and 2 of the 3 samples with cancer used in this study were a subset of the 13 samples (NC samples were GSM714147, GSM714148, and GSM714150 and C samples were GSM714157 and GSM714159).
RNA-Seq data analysis
For each sample processed using the NuGEN protocol, the sequencing reads obtained from 3 lanes were combined and aligned to human genome build 19 (hg19) by using Tophat v1.0.14 (29) . The Illumina libraries were also aligned to hg19 by using Tophat in 3 separate ways: (i) using the entire data set (PE reads), (ii) aligning each read of the pair separately, and (iii) truncating each read of the pair to 36 nt and aligning each end of the pair separately. The alignments were conducted using Tophat mammalian default parameters, but the maximum number of multi-reads was limited to 10. Gene expression measurements were calculated on the basis of alignments of the NuGEN libraries and the PE Illumina libraries by using the score function of the Scripture software package (23) or Cufflinks software (30) . The annotation file used by Scripture was based on Ensembl v59 (n ¼ 49,702 genes), wherein the union set of transcripts mapping to a single gene was used to summarize gene-level expression. Genelevel expression measurements are reported in reads per kilobase per million reads (RPKM) by Scripture and in fragments per kilobase per million reads (FPKM) by Cufflinks. The family-wide error rate (FWER)-corrected P-value for the observed read count across the transcript (Scripture) was used to establish the confidence of each gene being expressed in a given sample (genes with an FWER for a value of P < 0.05 were designated as present). If a gene was detected as expressed in at least 1 of the 4 samples in each sequencing experiment, the gene was included in the airway transcriptome. Genes detected only in samples processed using the NuGEN library preparation protocol were designated as differentially expressed if the gene measurement was greater than zero in both samples in the comparison (S v. NS or C vs. NC), if the |log 2 (fold change)| > log 2 (1.5), S/NS or C/NC, using both Scripture and Cufflinks, and if the direction of change was consistent between the 2 software packages. Genes detected in samples processed using the Illumina library preparation protocol were designated as differentially expressed using the same criteria as earlier, with the addition that the genes also had to have a false discovery rate (FDR)-corrected P < 0.05 for differential expression by Cuffdiff (part of Cufflinks suite of analysis tools). The R package goseq (31) was used to find KEGG pathways and Gene Ontology molecular function categories enriched among differentially expressed genes. The background set of genes used in the functional analyses was the 20,573 airway transcriptome genes. The GTF file used by Scripture, Scripture-and Cufflinks-derived gene expression measurements, FWER-corrected P-values for the observed read counts across the genes, alignment wig files, and FASTQ files for each sample processed either using the Illumina or NuGEN protocols have been deposited in GEO Series GSE29006, part of superSeries GSE29007.
Quantitative real-time PCR validation
Quantitative real-time PCR (qRT-PCR) was used to confirm differential expression of select genes and transcripts that were differentially expressed [|log 2 (fold change)| > log 2 (1.5), S/NS or C/NC] by RNA-Seq but not by microarray analysis. This validation was done using RNA from each individual from the pooled samples, with the exception of 2 NC samples for which insufficient RNA remained. These samples were replaced with RNA samples from 2 other NC patients with similar demographics (Supplementary Table S8 ). The gene, ALDH3A1, which was differentially expressed by both microarrays and RNA-Seq, was used as a positive control (data not shown).
qRT-PCRs were carried out as follows: high-molecularweight RNA (650 ng) from each individual was treated with TURBO DNA-free (Ambion), according to the manufacturer's instructions to remove contaminating genomic DNA. RNA was reverse-transcribed using random hexamers (Applied Biosystems) and SuperScript II reverse transcriptase (Invitrogen) to produce cDNA. Primer sequences for candidate genes/transcripts and a housekeeping gene (GADPH) were designed using PRIMER3 v.0.4.0 (ref. 32 ; Supplementary Table S10 ). SYBR Green (Applied Biosystems) PCR reactions (25 mL) containing 20 ng of cDNA and 300 nmol/L of forward and reverse primers were carried out in triplicate for each sample. Forty cycles of amplification and data acquisition were carried out on a StepOnePlus real-time PCR system (Applied Biosystems). Data were analyzed using the comparative threshold (C t ) method, and all samples were normalized to GAPDH. Fold changes (S/NS or C/NC) were calculated from the average expression value across the 3 individuals in each phenotype (NS, S, NC, or C).
Results
Study design and patient population
Total RNA prepared from bronchial airway epithelial cells obtained via brushings during bronchoscopy of healthy never smoker (NS) and current smoker (S) volunteers or smokers with (C) and without (NC) lung cancer undergoing surgery for lung nodule resection (n ¼ 3 patients per group) was pooled and sequenced using 2 different library preparation protocols (Fig. 1A) . Demographics of the subjects Figure 1 . Study design and goals. A, airway epithelial cells were obtained from 3 never smoker (NS) and 3 current smoker (S) volunteers. The high molecular weight (MW) RNA fraction was isolated from each sample and processed and hybridized to Affymetrix Exon 1.0 ST microarrays (green). Equal amounts of RNA from each sample were then pooled within the NS and S groups. Gene expression was assayed using the standard Illumina RNA-Seq protocol on the Illumina GAIIX sequencer generating 75 nt PE reads (gray) or the prototype NuGEN Ovation RNA-Seq protocol on the Illumina GAII sequencer generating 36 nt SE reads (orange). The same study design was used for the smokers without (NC) and with (C) lung cancer with the exception that RNA from only 2 of the 3 C samples was processed and hybridized to Affymetrix HGU133A 2.0 microarrays (yellow). B, chart displaying the various study goals (y-axis) and the technology and protocol used to accomplish each goal (x-axis), blue boxes indicate which technology and protocol were used to accomplish each goal. Samples were processed and hybridized to microarrays or sequenced using either the NuGEN library preparation protocol (36 nt SE reads) or the Illumina library preparation protocol (75 nt PE reads). The samples processed using the Illumina protocol were analyzed in 3 different ways: to compare library preparation protocols, the 75 nt reads were trimmed to 36 nt and each read of the pair was aligned separately, to compare sequencing length the 75 nt reads were trimmed to 36 nt and each read of the pair was aligned separately, and to compare sequencing type the 75 nt reads aligned separately were compared with the 75 nt reads aligned as a pair. recruited into our study are reported in Supplementary  Table S1 . The demographics of the 2 comparative groups, NS versus S and NC versus C, were well matched. The only variable that differed significantly between experiment and control was age (P < 0.05, S vs. NS). The NC and C samples each had 1 current smoker and 2 former smokers and thus were matched for smoking status, and there was no significant difference between the smoking histories of the cancer patient and non-cancer patient pools.
Alignment differences between library preparation protocols, sequencing lengths, and sequencing types (SE vs. PE sequencing)
Samples prepared using the prototype NuGEN protocol were each sequenced on 3 lanes of a flow cell using an Illumina GAII sequencer. The reads from the 3 lanes were pooled resulting in 28.98, 30.34, 26.94, and 27.8 million 36 nt SE reads for the NS, S, NC, and C samples, respectively. The samples prepared using the standard Illumina mRNA-Seq protocol were sequenced on 1 lane of a flow cell using an Illumina GAIIX sequencer yielding 28.22, 17.24, 22.26, and 20.93 million 75 nt PE reads for the NS, S, NC, and C samples, respectively. The latter experiment provided more reads per lane as a result of advances in sequencer technology and software. We then compared differences in read alignment between protocols, read lengths, and sequencing types (PE vs. SE; Fig. 1B ).
To properly compare the 2 protocols, the 75 nt PE reads from the Illumina protocol were trimmed to 36 nt and each read in the pair was aligned separately. An average of 52% of total aligned reads aligned to a unique location in the genome in the samples prepared using the NuGEN protocol versus 72% for the samples prepared using the Illumina protocol ( Fig. 2A, 36 nt Illumina SE). A higher percentage of reads from samples prepared using the NuGEN protocol aligned to the mitochondrial chromosome (an average of 37% vs. 12% using Illumina) and to rRNA (2% vs. 0.1% using Illumina, calculated by summing reads that aligned to rRNA and rRNA pseudogenes as designated in Ensembl v59 annotation). In addition, the reads from samples processed using the Illumina library preparation protocol were of higher quality and aligned with fewer mismatches (Fig. 2B ). Next, we compared the alignment of 75 nt reads from the Illumina protocol to the alignment of the same reads trimmed to 36 nt; in both cases, each read from the pair was aligned separately. As expected, increased read length resulted in a greater number of uniquely aligning reads (an average of 82% vs. 72%) and reads aligned to splice junctions (an average of 11% vs. 3%; Fig. 2A reads from the Illumina protocol, we compared the alignment of reads as a pair versus alignment of each read of the pair separately. PE versus SE sequencing increases the number of uniquely aligned reads from an average of 82% to an average of 88% ( Fig. 2A , 75 nt Illumina SE vs. 75 nt Illumina PE). A summary of the statistics for all alignments is shown in Supplementary Table S2 .
Defining genes expressed in the airway transcriptome Given that the 2 library preparation protocols are complementary in their abilities to detect polyadenylated and non-polyadenylated transcripts, genes whose expression was detected in at least 1 sample in either protocol (n ¼ 20,573 genes) were used to define the airway transcriptome (Fig. 3A) . This definition of the airway transcriptome is inclusive and numbers of genes in the airway transcriptome using alternative definitions are shown in Supplementary  Table S3 . Despite the technical differences between the 2 protocols, 93% of the genes detected using the NuGEN protocol were also detected as being expressed by the Illumina protocol. Furthermore, read counts for genes detected by both protocols were significantly correlated (r ¼ 0.59, P < 0.001, Fig. 3B ), although the Illumina protocol yielded higher coverage (slope of line is >1). The higher coverage may explain the additional 9,647 genes whose expression was detected using only the Illumina protocol. However, a group of non-protein-coding transcripts had markedly higher read counts by using the NuGEN protocol versus the Illumina protocol ( Fig. 3B ). In addition, the set of 787 genes detected only when the samples were processed using the NuGEN protocol was composed of higher percentages of non-coding RNAs [lincRNAs, small nucleolar RNAs (snoRNA), small nuclear RNAs (snRNA)], pseudogenes, and processed transcripts (Fig. 3C ). Only 32% of the NuGEN protocol-specific genes are classified as "known" in Ensembl (genes that match a human sequence in a public, scientific database such as NCBI RefSeq or UniProtKB) versus 69% or 86% of the genes detected only in samples processed using the Illumina protocol or by both protocols, respectively. Together, the complementary protocols define a compendium of protein-coding and non-coding genes that are expressed in the bronchial epithelium across the phenotypes in this study.
Smoking-and lung cancer-associated gene expression alterations
The airway transcriptome defined earlier includes 787 genes detected only in samples prepared using the NuGEN library preparation protocol. These genes are potentially non-polyadenylated transcripts that are not captured using the Illumina protocol. There were 156 genes differentially expressed between S and NS samples and 100 genes differentially expressed between C and NC samples among the 787 genes [differentially expressed genes had a non-zero RPKM value in both samples in each comparison and |log 2 (fold change)| > log 2 (1.5) by both Cufflinks and Scripture software]. These gene sets were checked for enrichment of Gene Ontology molecular function categories by using goseq (ref. 31 ; the background gene set was all genes in the airway transcriptome). Categories related to ion channel activity were enriched among genes differentially expressed between NS and S, and a category related to oxidoreductase activity was enriched among genes differentially expressed between NC and C samples (goseq FDR-corrected P < 0.05, Supplementary Table S4 ). The smoking-associated differentially expressed genes enriched in voltage-gated ion channel activity (GO:005244) were KNCJ5, KNCJ8, KNCJ3, KNCJ12, KNCJ11, KCND3, SCN1B, SCN2B, and SCN3B. An example of one of these ion channel genes detected only using the NuGEN library preparation protocol, SCN3B (sodium channel, voltage-gated, type III, beta), that is down-regulated in smoking and in lung cancer is shown in Figure 4A .
We next focused on gene expression detected in samples processed with the Illumina protocol, as the increased number of sequencing reads mapping to mRNA-encoding genes with this protocol suggested that it might potentially be better able to accurately quantitate gene expression levels. Smoking-and cancer-associated differentially expressed genes detected by both library preparation protocols or just the Illumina protocol were identified by choosing genes with a non-zero RPKM for both samples in each comparison, an |log 2 (fold change)| > log 2 (1.5) by Cufflinks and Scripture, and an FDR-corrected P < 0.05 by Cuffdiff. There were 517 genes differentially expressed between S and NS samples and 192 genes differentially expressed between C and NC samples by these criteria. These gene sets were checked for statistical enrichment of Gene Ontology molecular function categories and KEGG pathways using goseq (31) . Pathways and molecular functions such as oxidoreductase activity, metabolism of xenobiotics by cytochrome P450 and retinol metabolism were enriched among genes differentially expressed between current and never smokers. Cytokine-cytokine receptor interaction, chemokine signaling pathway, and cell adhesion molecules were enriched among gene differentially expressed between smokers with and without cancer (goseq FDR-corrected P < 0.05, Supplementary  Table S5 ). The smoking-and lung cancer-associated pathways and molecular functions uncovered earlier are consistent with gene expression alterations in previous microarray studies (2, 11, 12) .
RNA-Seq and microarray gene expression measurements are correlated
The logarithmically transformed fold changes of Scripture-derived RPKM values between the S and NS samples were computed across the genes defined in the airway transcriptome with non-zero RPKM values in both samples. Gene expression measurements from samples processed using the NuGEN protocol were used to determine the fold changes of genes detected only using the NuGEN protocol, whereas gene expression measurements from samples processed using the Illumina protocol were used to compute the fold changes for all other genes. The RNA-Seq fold changes between S and NS samples were compared with those obtained using microarray profiles on the individual samples in the pool across the 17,005 airway transcriptome genes that were also interrogated by the Affymetrix Exon 1.0 ST microarray. The fold changes measured by sequencing and arrays were significantly correlated (r ¼ 0.36, P < 0.001, Fig. 5A ) and the RNA-Seq fold changes were also correlated with the microarray t-statistics between the S and NS samples (r ¼ 0.33, P < 0.001). The correlation between RNA-Seq-and microarray-derived data was slightly lower than the correlation between RNA-Seq fold changes computed on the basis of data derived using the NuGEN protocol versus the Illumina protocol (r ¼ 0.42, P < 0.001, for the genes with non-zero RPKM values detected by both protocols).
The 517 differentially expressed genes between NS and S samples identified earlier ( Supplementary Table S6 ) were examined for differential expression in the microarray data. A total of 109 of the 517 genes differentially expressed by sequencing had either |log 2 (fold change)| > log 2 (1.5) or a P < 0.05 (based on a t test) between S and NS samples on the Affymetrix Exon 1.0 ST microarray. A total of 319 genes of the 517 genes were interrogated by but were not differentially expressed on the microarray. Many of these genes are non-coding RNAs and potentially important genes in the response to tobacco smoke exposure and tumorgenesis. Finally, 89 of the 517 genes with smoking-associated expression levels as determined by RNA-Seq are not interrogated on the microarray (see Table 1 for the top most highly expressed subset of the 89 genes).
We then carried out a similar analysis using the C and NC samples. The logarithmically transformed fold changes of RPKM values between the C and NC samples were computed across the airway transcriptome genes as described earlier for the S and NS samples. The C versus NC RNA-Seq fold change results were significantly correlated with the fold change computed using the 5 NC and 8 C samples processed on the HGU133A 2.0 microarray (r ¼ 0.16, P < 0.001, Fig. 5B ) across 9,308 genes measured on both sequencing and microarrays. The RNA-Seq fold change was also significantly correlated to the t-statistics computed on the basis of microarray data (r ¼ 0.14, P < 0.001). The correlation between RNA-Seq-and microarrayderived data was slightly lower than the correlation between RNA-Seq fold changes computed on the basis of data derived using the NuGEN protocol versus the Illumina protocol across the same C and NC samples (r ¼ 0.24, P < 0.001, for genes with non-zero RPKM values and detected by both protocols).
Of the 192 genes found to be differentially expressed between C and NC samples ( Supplementary Table S7 ), 20 genes had either a |log 2 (fold change)| > log 2 (1.5) or a P < 0.05 between C and NC samples on the Affymetrix HGU133A 2.0 microarray. A total of 66 of the 192 genes were interrogated on the microarray but did not have absolute log 2 fold change > 1.5 or P < 0.05, including interesting genes related to inflammation and tumorigenesis. Finally, 106 the 192 genes with cancer-associated expression levels as determined by RNA-Seq are not interrogated on the microarray (see Table 1 for the top most highly expressed subset of these 106 genes). Relatively little is known about many of the genes in Table 1 ; however, one interesting example of a gene with potentially important expression difference in smoking and lung cancer is a processed transcript of MUC5AC. The gene (MUC5AC; Ensembl ID ENSG00000215182) is upregulated in current smokers compared with never smokers but is downregulated in smokers with lung cancer compared with smokers without lung cancer, and there were no probes on the Affymetrix Exon 1.0 ST microarray designed to interrogate the transcript. A plot of the sequencing reads mapping to this gene is shown in Figure 4B .
Quantitative RT-PCR confirms RNA-Seq changes
To confirm differential expression by RNA-Seq, we used qRT-PCR to validate a subset of genes that were either not differentially expressed [|log 2 (fold change)| < log 2 (1.5)] or were not interrogated when using microarrays (Supplementary Table S9 ) within NS, S, NC, and C individuals ( Supplementary Table S8 ). Figure 6A (Fig. 6B) . Similarly, PCR data confirmed the upregulation of the pseudogene (CTD-2325P2.2) and the downregulation of a noncoding RNA (RP11-295J3.2) in individuals with cancer ( Fig. 6B ).
Discussion
In this study, we carried out transcriptome sequencing on airway epithelial cells from healthy, never and current smoker volunteers and from smokers with a diagnosis of lung cancer or an alternative benign disease of the chest. The goals of this study were to compare several methods for conducting airway transcriptome sequencing and to evaluate the potential of this technology to provide new biological insights into the altered gene expression in the airway epithelium in response to tobacco smoke and lung cancer.
The design of this study (Fig. 1 ) made it possible to compare different RNA-Seq protocols, read lengths, and sequencing types (SE or PE) across the same set of pooled samples. The samples were processed using 2 different, but complementary, protocols: the standard Illumina protocol, which selects polyadenylated RNA from total RNA prior to cDNA synthesis, and a prototype NuGEN Ovation RNA-Seq protocol, which uses a combination of oligo-d(T) primers and random hexamers to synthesize cDNA from total RNA. The samples processed using the NuGEN pro-tocol had a lower percentage of uniquely aligned reads than samples processed using the Illumina protocol. This difference may be partly due to higher-quality reads from the samples prepared with Illumina protocol using a new Illumina sequencer (greater number of reads aligning with zero mismatches, Fig. 2B ) and to a higher content of repetitive RNA in the samples prepared using the NuGEN protocol. The NuGEN protocol had a much higher percentage of reads aligning to mitochondrial RNA and rRNA (39% vs. 12%) due to the fact that it captures both polyadenylated and non-polyadenylated RNAs and that the protocol may not have been fully optimized (a prototype version of the protocol was used). We were able to assess the effects of read length and sequencing type, using the Illumina-protocol processed samples, by trimming the reads and considering each read of each pair separately. Increased read length (36 to 75 nt) results in 10% more reads aligning to a unique location in the genome and 8% more reads that span splice junctions. PE versus SE sequencing gives an additional 6% increase in the number of reads that align uniquely as a pair. The results show that there are clear advantages to longer sequencing length and PE sequencing versus SE sequencing. In addition, the standard Illumina protocol results in higher coverage of polyadenylated genes (mostly protein coding), but it fails to capture a subset of non-polyadenylated transcripts. In this study, the subset of genes detected only in samples processed using the NuGEN protocol is small; however, it is likely that an optimized protocol (incorporating methods to reduce repetitive and highly abundant RNA) combined with higher-quality PE 75 nt (or greater) reads would yield additional transcripts. Our data suggest that the optimal approach for sequencing the airway transcriptome would be to use an optimized protocol that captures both polyadenylated and non-polyadenylated transcripts or a combination of protocols followed by 75 nt (or longer) PE sequencing at a depth of coverage greater than 30 million reads.
The union set of genes measured by both the Illumina and NuGEN protocols was used to define the compendium of genes expressed in the airway transcriptome. We believe this is the first comprehensive catalogue of genes expressed in the bronchial airway epithelium. Despite the small sample size, the numbers of genes (even the conservative airway transcriptome definition, Supplementary Table S3 ) exceeds the number of genes determined to be expressed in the airway using microarrays (2) . The majority of genes were detected when the samples were processed using the Illumina protocol, resulting in higher read coverage of annotated genes (19,786 vs. 10,926 genes for samples processed using NuGEN, Fig. 3A) , because less reads were lost to alignments to mitochondrial RNA, rRNA, and nonpolyadenylated transcripts. The fact that the expression of some genes could only be detected when the samples were processed using the NuGEN protocol was therefore probably not the result of coverage differences but rather because of differences between the protocols. The genes whose expression is detected only by the samples processed using the NuGEN protocol (n ¼ 787) are more likely to belong to gene biotypes other than protein coding ( Fig. 3C ) and to the set of Ensembl genes not categorized as "known." Despite the differences between the 2 protocols, the read counts obtained are highly correlated (r ¼ 0.59, P < 0.001) within the set of genes detected by both protocols (n ¼ 10,139). There is a group of genes (among the 10,139 genes) with markedly higher counts when using the NuGEN protocol versus the Illumina protocol ( Fig. 3B ) that predominantly belong to gene biotypes other than protein coding. One interesting example is the lincRNA MALAT1, which has a mean RPKM of 14,915 (NuGEN) versus 2352 (Illumina). Reads aligning to MALAT1 from samples processed using the Illumina protocol are distributed along the entire length of the gene, whereas reads from samples processed using the NuGEN protocol are concentrated in a shorter, approximately 300-bp region of the transcript, which may represent an additional nonpolyadenylated processed RNA transcribed from this locus ( Supplementary Fig. S1 ). Defining the airway transcriptome by combining the strengths of both RNA-Seq library preparation protocols is an important step in fully understanding the biology of the airway field of injury.
Genes in the airway transcriptome were classified as differentially expressed between the S and NS samples or the C and NC samples to find enriched biological pathways and functions. Surprisingly, genes involved in ion channel activity were enriched among the differentially expressed genes detected only in samples processed using the NuGEN protocol ( Supplementary Table S4 ). It is unclear if this finding is because of biases in the library preparation protocols, polyadenylated tail length, or the presence of non-polyadenylated isoforms. The presence of non-polyadenylated isoforms of transcripts measured in samples processed using the NuGEN protocol, which may have important regulatory functions, needs to be confirmed with further studies. Among genes detected in samples processed using the Illumina protocol (n ¼ 19,786), there were several smoking-related pathways such as oxidoreductase activity, retinol metabolism, and metabolism of xenobiotics by cytochrome P450 that were enriched among genes differentially expressed between the NS and S samples. Cell adhesion molecules, cytokine-cytokine receptor interaction, and chemokine activity were enriched among genes differentially expressed between the NC and C samples (Supplementary Table S5 ). The RNA-Seq data appear to find gene expression alterations that are smoking and cancer related despite the small sample size.
RNA-Seq-derived fold changes between the NS and S samples and between the NC and C samples are significantly correlated with changes measured by microarrays among genes interrogated by both platforms. There is, however, a weaker correlation among the samples with and without cancer (Fig. 5B ) that can be partially explained by the fact that the an older microarray platform was used and that only a subset of the cancer samples used in the pool had microarray data. In addition, the cancer signal is weaker than the smoking signal [less genes have an absolute log 2 fold change > log 2 (1.5)], and therefore, the correlations of C/NC fold change between data generated using the Illumina and the NuGEN protocols or between RNA-Seq and microarray are weaker.
An advantage of RNA-Seq over microarray technology lies in the number of genes that are significantly differentially expressed by RNA-Seq but are not interrogated on the microarray as exemplified by the genes listed in Table 1 . One example is a MUC5AC (mucin 5AC)-processed transcript located within an intron of MUC5B (Fig. 4B ) that is upregulated in current smokers compared with never smokers and downregulated in smokers with lung cancer compared with smokers without lung cancer. MUC5AC is a mucin gene expressed in the respiratory tract and is found in patients with asthma, cystic fibrosis, and COPD (33) . We also found that ANG (angiogenin, ribonuclease, RNase A family, 5), a gene that is not measured by these microarrays but which is involved in lung adenocarcinoma cell proliferation and angiogenesis (34) , was up-regulated in smokers. Another gene, SCGB3A1 (secretoglobin, family 3A, member 1), which is not interrogated by the microarrays used in this study but was found to be upregulated in the normal airway of lung cancer patients using RNA-Seq, has been linked to poor prognosis in non-small-cell lung cancer (35) . Table 1 also includes non-coding RNAs (lincRNAs, pseudogenes, and processed transcripts) whose biological functions have not been well described but which may have important gene regulatory functions in lung carcinogenesis. Identification of their cancer-associated differential expression by sequencing provides a rationale for studying their expression using targeted assays in larger cohorts of samples.
In addition to examining concordance with microarrays, we also used qRT-PCR to validate the concordance of fold change direction among genes detected only as differentially expressed log 2 (1.5) by sequencing. The expression of the genes S100A8 and S100A9, which are known to be involved in the inflammatory response in the lung (36) (37) (38) , and CYP4F2, a member of the cytochrome P450 family of enzymes that play a role in xenobiotic pathways (39) , were found to be up-regulated in smokers by both RNA-Seq and qRT-PCR. Similarly, the expression of the genes CCL20, IL8, NFKB1A, and SCGB3A1 was found to be up-regulated in the normal airway of patients with lung cancer versus those with benign disease using both RNA-Seq and qRT-PCR ( Fig. 6A ). One gene, SCGB1A1, however, was not concordant between RNA-Seq and microarrays. We also validated that the expression of select non-coding RNAs, which may have an important role in gene regulation (41) (42) (43) , changed in the same directions as measured by either RNA-Seq or qRT-PCR (Fig. 6B) . The correlation between qRT-PCR fold change and RNA-Seq fold change was significant (r ¼ 0.888, P < 0.001; data not shown). The concordance between qRT-PCR and RNA-Seq has been confirmed across a small set of genes, suggesting that RNA-Seq is a good method for assaying genes important in epithelial cell response to smoke and lung cancer.
In summary, we have established that transcriptome sequencing has the potential to provide new insights into the biology of the smoking-and cancer-related airway field of injury. While much of the airway transcriptome is captured with RNA-Seq of libraries enriched in polyadenylated transcripts, library preparation protocols that measure the expression of non-polyadenylated RNAs are needed to completely characterize the transcriptome, as are longer read lengths and PE sequencing strategies, both of which yield a higher percentage of mapped reads. Our results suggest that the expression of both protein-coding and non-protein-coding RNAs are impacted by exposure to tobacco smoke and the presence of lung cancer, and that long non-protein-coding RNAs that we have begun to characterize in this study may be important in the response to tobacco smoke in airway epithelial cells. Larger sample sizes are needed to characterize the RNAs uncovered in this study and to confidently assess transcript splicing patterns and the presence of novel transcripts. Novel coding and non-coding transcripts uncovered by RNA-Seq provide a more complete portrait of the smoking-and cancerrelated airway field of injury have the potential to help elucidate mechanisms of response to tobacco smoke and to function as additional biomarkers of disease risk or novel targets for chemoprevention.
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